[1] The thermal structure of the upper ocean (0-1000 m) is set by surface heat fluxes, shallow wind-driven circulation, and the deeper thermohaline circulation. Its long-term variability can be reconstructed using deep-dwelling planktonic foraminifera that record subsurface conditions. Here we used six species (Neogloboquadrina dutertrei, Globorotalia tumida, Globorotalia inflata, Globorotalia truncatulinoides, Globorotalia hirsuta, and Globorotalia crassaformis) from 66 core tops along a meridional transect spanning the mid-Atlantic (42°N to 25°S) to develop a method for reconstructing past thermocline conditions. We estimated the calcification depths from δ 18 O measurements and the Mg/Ca-temperature relationships for each species. This systematic strategy over this large latitudinal section reveals distinct populations with different Mg/Ca-temperature relationships for G. inflata, G. truncatulinoides, and G. hirsuta in different areas. The calcification depths do not differ among the different populations, except for G. hirsuta, where the northern population calcifies much shallower than the southern population. N. dutertrei and G. tumida show a remarkably constant calcification depth independent of oceanographic conditions. The deepest dweller, G. crassaformis, apparently calcifies in the oxygen-depleted zone, where it may find refuge from predators and abundant aggregated matter to feed on. We found a good match between its calcification depth and the 3.2 ml/l oxygen level. The results of this multispecies, multiproxy study can now be applied down-core to facilitate the reconstruction of open-ocean thermocline changes in the past.
Introduction
[2] Recent decades of oceanographic research have highlighted the structure of the subsurface ocean and its regional and global climate impacts. More than 30% of the ocean poleward heat transport is accomplished within the upper ocean [Boccaletti et al., 2005] , which interacts with the atmosphere [Willis et al., 2004] . Temperature and salinity changes observed between 300 and 1000 m depth over the last several decades have brought into focus the lack of understanding in long-term variability of the subsurface conditions and the connection to large-scale circulation [Levitus et al., 2000; Lozier et al., 2008] .
[3] As shown from pioneering field observations [Bé and Tolderlund, 1971; and isotope studies Deuser and Ross, 1989; , deep-dwelling planktonic foraminifera, those living in the upper few hundred meters of the water column, can provide such archives for past subsurface conditions. Stable oxygen isotopes (δ 18 O) of planktonic foraminifera shell have previously been used to constrain the calcification depth for deep-dwelling species Farmer et al., 2007; Steph et al., 2009] . Shell δ 18 O indicates a much smaller depth range than the vertical migration range suggested from field observational studies Schiebel and Hemleben, 2005] ; the calcification depths deduced from shell δ 18 O are therefore the mean depths where the shells calcify and record ambient conditions. More recently, the search for subsurface temperature proxies has led to the development of Mg/Ca-temperature relationships for deep-dwelling planktonic foraminifera [Anand et al., 2003] . These relationships between Mg/Ca and temperature are species and basin specific and are also sensitive to sample treatment [Barker et al., 2005] . Despite these previous efforts, only a limited number of studies have investigated the calcification depth of deep-dwelling species over broad geographical areas [Ganssen and Kroon, 2000; Mulitza et al., 1997] , and previous Mg/Ca-temperature calibrations are insufficient to cover the full spectrum of species, oceanographic context, and cleaning procedure [Cléroux et al., 2008; Groeneveld and Chiessi, 2011; Regenberg et al., 2009] .
[4] In this study, we build on these previous results to establish proxies for thermocline conditions in the Atlantic Ocean. We analyzed the δ
18
O and Mg/Ca compositions of six deep-dwelling planktonic foraminifera species, one from the neogloboquadrinid genus (Neogloboquadrina dutertrei) and five from the globorotaliid genus (Globorotalia tumida, Globorotalia inflata, Globorotalia truncatulinoides, Globorotalia hirsuta and Globorotalia crassaformis). We also use previously published data for the surface dweller foraminifera (Globigerinoides ruber white) [Arbuszewski et al., 2010] . A unique feature of this study is the large latitudinal gradient (42°N to 25°S) covered by the core-top samples spanning a variety of oceanographic regimes in the Atlantic Ocean. This large transect crosses regions potentially associated with distinctive genetic foraminiferal species populations [Darling et al., 2006; Morard et al., 2011; Quillévéré et al., 2013] , and one objective is to look at the geochemical response of the same morphometric species within different ecological niches. Along our core-top transect, the isotherms and isohalines (and therefore iso-δ 18 O lines) present drastic depth changes (up to 450 m) in response to the subsurface circulation. Down to about 400 m depth, the subsurface circulation in this tropical/subtropical region is described by shallow meridional overturning circulation connecting the midlatitudes and the tropics, called the subtropical cells (STC) [Liu and Yang, 2003] . Below the STC, the subsurface Atlantic Ocean is influenced by the return flow of the thermohaline circulation with the fresh Sub-Antarctic Mode Water flowing from the South Atlantic between 400 and 1000 m. STC and southern-sourced mode water create temperature and salinity isotherm structures ideal to determine the calcification depth of deep-dwelling planktonic species under different conditions.
[5] This paper is organized as follows. In the first part we determine the mean calcification depth as recorded by the mean δ
O of the foraminifer tests. In the second part we calibrate the paired Mg/Ca ratio measurements with the isotopic temperature. In the final section we combine the deduced calcification depth, the Mg/Ca ratio, and all ocean parameters available to characterize each species calcification habitat and identify separate subpopulations for three of the deep-dwelling foraminifera species.
Oceanographic Context
[6] We selected 66 core tops between 42°N and 25°S in the Atlantic Ocean, mostly located along the flanks of the mid-Atlantic ridge (Figure 1a) . The sea surface temperature and salinity fields over this region reflect the mean position of the Intertropical Convergence Zone (ITCZ) and the evaporation/precipitation balance over the Atlantic Ocean. Maximum temperature and minimum salinity around 5°N separate the two warm and salty subtropical gyres. These structures are visible on the vertical temperature and salinity profiles down to about 200 m depth (Figures 1b and 1c) . At greater depth the subsurface circulation, i.e., the subtropical cells (STC), and the return flow of the thermohaline circulation determine the structures of the isotherms and isohalines. In both subtropical gyres, water in the salinity maximum is subducted in winter by Ekman forcing and circulates toward the equator within the thermocline [Liu and Alexander, 2007] . Following either the western boundary or interior a The stratigraphy column gives the nature of the stratigraphic control. Some samples have already been presented in previous studies: Climate: Long-Range Investigation, Mapping, and Prediction (CLIMAP), GLODAP, [Mix, 1986] , or [Mix et al., 1999] . Otherwise, isotopic stratigraphy, Globorotalia menardii abundance [Ericson and Wollin, 1968] , and/or carbonate content were used for stratigraphic constraint; most of the data are on the Pangaea database. Five core tops are lacking any age control. Signs in the 14 C data column give the reference. 14 C ages were calibrated to calendar ages using Calib6 and the conventional reservoir age of 400 years [Reimer et al., 2009] .
b This study. c CLIMAP.
d Broecker et al. [1993] . e Arbuszewski et al. [2010] . f Cléroux et al. [2011] . g [Berger et al., 1985] . routes, these water masses then reach the equatorial upwelling regions. At the equator, Ekman transport on the surface layers expels the upwelled water poleward, closing the STC loops ( Figure 1b ) [Schott et al., 2004; Zhang et al., 2003] . The role of the STC in communicating extratropical climate anomalies into the tropics was first observed in the Pacific Ocean [Gu and Philander, 1997] ; such teleconnection process is now referred to as "oceanic tunnel" [Liu and Alexander, 2007] . The basin-wide meridional overturning circulation in the Atlantic Ocean, associated with North Atlantic deep water formation [Fratantoni et al., 2000] and the mean location of the ITCZ north of the equator, induces an asymmetry in the STC. The southern STC is stronger with a larger relative contribution of southern-sourced waters to the subsurface equatorial water mass [Harper, 2000; Snowden and Molinari, 2003] ; as a consequence the temperature and salinity structure about the equator are asymmetric (Figure 1 ). Nutrient profiles across our section show the same pattern as the temperature and salinity sections (not shown).
[7] Oxygen content in the ocean is controlled both by large-scale water ventilation and biogeochemical cycles. Well-ventilated waters subducting into the thermocline at midlatitude are deflected toward the west, leaving a shadow zone of less ventilated water on the eastern margin. The central and eastern tropical Atlantic host an oxygen minimum zone, centralized around 400 m depth on both sides of the equator (Figure 1d ).
[8] Beside these meridional structures, a complex system of surface and subsurface ocean currents operates in the equatorial region. It includes the eastward North Equatorial Countercurrent between 3°N and 10°N, flanked by the westward flowing North Equatorial Current and South Equatorial Current. Below the latter is the intense eastward Equatorial Undercurrent, located precisely at the equator at about 100 m depth. This system generates complex temperature and salinity fields. Plotting these parameters against latitude results in large temperature and salinity variability in the equatorial band ( Figure S1 in supporting information); we will see that foraminifera record this variability remarkably well.
Material and Methods

Core-Top Selection
[9] We present 66 core tops from the tropical-subtropical Atlantic Ocean. Most of these samples are from the Lamont Core Repository, the details about which have been previously presented in Arbuszewski et al. [2010] together with the G. ruber (white) δ 18 O and Mg/Ca data. We added three samples in the subtropical South Atlantic from the Scripps Core repository (INMD111, INMD113, and INMD115) to increase the coverage in the south Atlantic gyre. Most samples are located above the modern Atlantic lysocline (4000 m water depth). Various criteria ensure the Holocene age of the core tops; i.e., radiocarbon dating, oxygen isotope stratigraphies, Globorotalia menardii stratigraphies [Ericson and Wollin, 1968] , down-core carbonate content, or downcore coarse fraction content ( Table 1) . As with any core-top study, a caveat to our approach is that a few samples may not be truly modern. We estimate, from the radiocarbon ages or isotopic stratigraphies, that at least half of our core-top samples are younger than 4 ka (although a few may be as old as 6 ka), which may contribute to some noise when comparing with modern atlas data.
Species Selection
[10] Species were selected according to three criteria: abundances in the samples, various habitat depths according to previous studies, and persistence during glacial times in the Atlantic Ocean. Many planktonic foraminifera species have a dextral and a sinistral form, depending on their coiling direction. The controlling parameters for this are not clear; the coiling direction can be associated or not with different genetic species [de Vargas et al., 2001] ; it can correspond or not to different Mg/Ca to temperature relationships [Cléroux et al., 2008] , and the dominant coiling form can change on spatial or temporal scales [Ericson et al., 1954] . For our study, we selected the most abundant coiling direction for each species throughout the entire sample set. N. dutertrei, G. tumida, G. inflata, G. truncatulinoides dextral, G. hirsuta dextral, and G. crassaformis sinistral were carefully picked from the 355-425 μm fraction. All specimens had thick and opaque walls. Between 10 and 25 specimens were picked, gently crushed between two glass plates, mixed, and split into four aliquots: two replicates for trace element analysis and two replicates for stable isotope analysis. In a limited number of samples, the foraminifer abundance was low, and only one measurement per analysis type was performed.
Isotope and Trace Element Measurements
[11] Prior to oxygen and carbon stable isotope analysis, samples were cleaned by several ultrapure water rinses and sonication. δ
18
O and δ 13 C analyses were made at State University of New York (SUNY) in Albany using a Fisons Optima mass spectrometer with dual-inlet and multiprep system calibrated with NBS19 and NBS18 standards. The longterm precision during the analysis period was <0.05‰ for δ 18 O and <0.03‰ for δ 13 C.
[12] Prior to trace element analysis, samples were cleaned with several ultrapure water and methanol washes followed by both the oxidative and the reductive step of the Boyle and Keigwin [1985] protocol. Samples were dissolved just before measurement on the Jobin-Yvon Panorama-V ICP-OES at [Greaves et al., 2008] .
The absolute values of these standards measured during each run are always within a few percent of the published values (<3%).
Ocean Atlas Data
[13] At each core-top location and for the following depths, 0, 50, 100, 125, 150, 200, 300, 400, 500, 600, 700, 800, 900, and 1000 m, we extracted the mean annual temperature, salinity, oxygen concentration, and phosphate concentration from the World Ocean Atlas (WOA) 2009 Garcia et al., 2010a; Garcia et al., 2010b; Locarnini et al., 2010] . Below 100 m depth, seasonal temperature variations are typically around 1°C. One exception is the North Atlantic tropical region (9.51°N-1°N), where seasonal temperature variation at 100 m depth reaches 8°C. We could not identify any effect of the particularly large seasonality in this region on the foraminiferal data and therefore only used mean conditions for the rest of the study. Osw values [Schmidt et al., 1999] . Finally, we used the Global Ocean Data Analysis Project (GLODAP) database for Total Alkalinity and Total CO 2 data, corrected for anthropogenic CO 2 [Broecker et al., 2004] . At each core-top location and for each depth level, we calculated the pre-anthropogenic pH, the carbonate ion concentration [CO 3 2À ], and bottom water carbonate saturation (ΔCO 3 2À ) using the CO2sys software [Lewis and Wallace, 1998 ]. (1)).
Calcification Depth Calculation
[16] The δ
18
Osw, expressed on the SMOW scale, is converted to the Pee Dee Belemnite (PDB) scale by subtracting 0.27 [Hut, 1987] . Since the earliest work on this proxy [Epstein et al., 1953] O results for all the species versus latitude. All the replicates are plotted, except for G. ruber data that come from Arbuszewski et al. [2010] ; the thin, dark curves represent the mean value. (2)). The different δ
O-temperature equations have been discussed in detail in other studies [Bemis et al., 1998; Regenberg et al., 2009] without clear consensus reached on which equation is most appropriate.
3.6. Isotopic Temperature Calculation and Mg/ Ca Calibrations [17] Once the calcification depth is known, the isotopic temperature of calcification (T iso ) is calculated using the following equation (3).
Where δ
Osw is taken at the calcification depth. The potential influence of salinity on the Mg/Ca ratio cannot be estimated here [Arbuszewski et al., 2010] because below 200 m depth, temperature and salinity are highly correlated along our transect ( Figure S2 in supporting information, r 2 = 0.89 at 200 m depth and increasing further down).
[18] Assuming a linear equation for T iso (neglecting the square term in equation (3)), the error on T iso can be propagated from the error on δ Osw is taken as the difference between T iso calculated using equation (3) and T iso calculated for a fixed δ 18 Osw value (Table 2 ).
Results
Calcification Depths
[19] Each species has a distinct δ 18 O signature (Figure 2) , from the relatively depleted values of G. ruber and N. dutertrei to the enriched values of G. crassaformis and G. hirsuta. These differences reflect their different mean calcification depths. The highly scattered data between 4°N and 5°S reflect the complex temperature and salinity fields associated with the zonal equatorial circulation and indicate coherent zonal water column structure consistent with this circulation. For example, N. dutertrei reproduces very well the large amplitude changes seen in the temperature field at 100 m depth along the transect ( Figure S1 in supporting information).
[20] Using the paleotemperature equation (equation (1) (Figure 3) . For some species, the mean calcification depth masks large regional variation that will be discussed further. Equation (2) [Shackleton, 1974] yields shallower calcification depths: 100 m for N. dutertrei, 145 m for G. tumida, 300 m for G. truncatulinoides, 330 m for G. inflata, and 600 m for both G. hirsuta and G. crassaformis.
Mg/Ca-T iso Calibrations
[21] Dissolution taking place in the deep ocean where carbonate ion approaches undersaturation affects shell Mg/Ca ratios. We examined the influence of dissolution on our ; for aesthetic purpose only the first name of each study is written on the figure. For graphic comparison, previous calibrations are plotted over the temperature range relevant for the current study, but the ranges covered by previous works are indicated. For N. dutertrei, the Dekens et al. [2002] equation is plotted for depth = 3.7 km (mean value of each data set from this study).
straightforward parameter with no error and easy to use in paleo-studies; we decided to use this parameter over bottom ΔCO 3 2À . For N. dutertrei, G. tumida, G. truncatulinoides, and G. crassaformis, we determined the depths above which the correlation between depth and Mg/Ca is no longer significant, and we developed calibrations using both the full data set and excluding the deepest samples (Table 4) .
[22] Several subpopulations along our transect with very different temperature-Mg/Ca relationships can be identified for G. truncatulinoides, G. inflata, and G. hirsuta (Figure 4) . A northern and a southern population can be easily distinguished for both G. hirsuta and G. inflata. For G. inflata, two data points in the North Atlantic gyre at 24.2°N and 23.3°N plot with the data from the South Atlantic. These two data were not included in the calculation of the calibration. The Mg/Ca data for G. truncatulinoides suggest three distinct populations: one in the North Atlantic (north of 29°N), one in the southeastern tropical upwelling region, and the third and largest one spanning much of the remainder of our transect, from 26°N to 25°S. Our calibration is based on the most abundant data set, i.e., it excludes the North Atlantic and upwelling populations. The spatial distributions of these subpopulations are plotted in Figure 5 , and the calibrations are summarized in Table 4 . Using each species-specific calibration, we calculated T Mg/Ca from the measured Mg/Ca data, then the difference between T Mg/Ca and T iso , and an estimate of the calibration error which was calculated as the standard deviation of T Mg/Ca minus T iso (Table 4) [Anand et al., 2003 ].
Discussion
Variability in the Equatorial Region
[23] In the equatorial region, the δ
18
O values for all species display a large range >1.5‰. This variability is also apparent in the data from the World Ocean Circulation Experiment Upper Ocean Thermal database (http://www.ewoce.org/), which is a compilation of temperature profiles acquired by commercial, fishing, and research vessels within the upper kilometer of the water column ( Figure S1 in supporting information). Our multispecies foraminifera δ
O data from this array of Atlantic cores indicates that we should be able to reconstruct this variability (Figure 2 ). O measurements showed, for example, vital effects as large as 1‰ in the planktonic foraminifera species Neogloborotalia pachyderma [ Kozdon et al., 2009] . These species-specific offsets can originate from a number of biological processes (symbiont activity, ontogeny) [Rohling and Cooke, 1999] . This offset is particularly difficult to estimate for species with broad vertical habitat ranges and species for which no culture data are available [Spero and Lea, 1996] . Consequently, there is no consensus on possible oxygen isotopic disequilibrium values for the species considered here. Table 5 shows the large spread, frequently centered about a zero offset, of disequilibria estimated from previous works for the species used in this study. For this reason, and also because nonsymbiotic species (in our case G. inflata, G. truncatulinoides, G. crassaformis, and G. hirsuta) are believed to precipitate their shell calcite at or close to equilibrium , we assume no vital effect in this study. Support for this assumption comes from the plot of δ [Niebler et al., 1999] ; 2, ; 3, [Spero et al., 2003 ]; 4, [Loncaric et al., 2006] ; 5, [Mortyn and Charles, 2003] species that we know to dwell at or well below the thermocline [Ravelo and Fairbanks, 1992] . Also, each species has a distinct meridional gradient profile, suggesting that a simple vital effect offset is not responsible for the observed meridional interspecies variability.
Other Factors Affecting Foraminiferal
[25] Culture experiments [Spero et al., 1997] have suggested that carbonate ion concentration may influence the foraminiferal δ
18
O and δ 13 C. In field samples, this effect is difficult to assess because [CO 3 2À ] and temperature are correlated in the oceans [Broecker and Peng, 1982] . Along our transect, only at approximately 100 m depth is [CO 3 2À ] weakly correlated with temperature (r 2 = 0.55, p = 0.00). Therefore, our best opportunity to distinguish a [CO 3 2À ] effect should be using the N. dutertrei data since that species appears to calcify close to this level. Plotting N. dutertrei δ
O versus [CO 3 2À ] calculated at 100 m does not show any significant correlation (r 2 = 0.05, p = 0.134). In particular, data in the equatorial region show no evidence of being influenced by the observed low [CO 3 2À ] in that region. If we still assume a carbonate ion effect, using the 0.002 [26] Some plankton net studies have shown that deepdwelling species tend to concentrate in the deep-chlorophyll maximum (DCM) Wilke et al., 2009] . Other studies suggest that the calcification depth of some planktonic foraminifera species may be sensitive to water density [Simstich et al., 2003] , although Matsumoto and Lynch-Stieglitz [2003] Ocalc for fixed density levels ( Figure S3 in supporting information) , indicating no apparent correlation between calcification depth and water density or the DCM.
Dissolution Effect
[27] The effect of dissolution on the shell δ
18
O composition is well known but rather subtle outside very corrosive water [Erez, 1979; Johnstone et al., 2011; Savin and Douglas, 1973] . In our data δ
O is not correlated with depth (Table 3) . Regarding the Mg/Ca ratios, early studies observed a decrease as dissolution or water depth (bottom ΔCO 3 2À ) increases (decreases) [Brown and Elderfield, 1996; Lohmann, 1995; Rosenthal et al., 2000] . Some studies indicate that dissolution effects on planktonic foraminiferal Mg/Ca ratios can occur well above the calcite saturation horizon [Brown and Elderfield, 1996; Johnstone et al., 2011; Regenberg et al., 2006] . Dissolution affects both proxies to make the sample appear colder, with the amplitude of the effect being species-specific [Berger, 1970a; Johnstone et al., 2010; Mekik et al., 2007] .
[28] Hence, dissolution-corrected Mg/Ca calibrations have flourished. It is, however, not clear how well these corrections perform. Using the depth-corrected Mg/Ca calibration for the Atlantic Ocean of Dekens et al. [2002] , Hönisch et al. [2013] cleverly demonstrated that the correction is too large for cores between 2.8 and 4.4 km and too small for cores below 4.4 km. In addition, using bottom ΔCO 3 2À to correct for dissolution appears difficult to apply back in time.
[29] In our data, the trends between depth and Mg/Ca for N. dutertrei, G. truncatulinoides, and G. tumida become statistically insignificant when selecting the cores above 4 or 4.4 km (see Table 3 ). The Mg/Ca of G. inflata and G. hirsuta shows no sign of dissolution. This is in agreement with published data for the Atlantic Ocean where a careful examination shows a significant decrease in Mg/Ca only in the deepest cores, below 4.4 or 4.5 km [Dekens et al., 2002; Rosenthal and Boyle, 1993] .
[30] Taking the entire data set for G. crassaformis (including a sample at 4.5 km depth), Mg/Ca shows only a weak correlation with depth (r 2 = 0.12, p = 0.045). However, this relation becomes stronger when ignoring this deepest sample (r 2 = 0.23, p = 0.05), and most importantly we then also observe a weak correlation between δ
O and depth (r 2 = 0.12, p = 0.025). These relationships are only marginally significant statistically, but as they are both consistent with a modest dissolution effect (Mg/Ca decreases, δ
O increases as depth increases), we examine this issue more closely. If dissolution had a strong influence on the samples, the δ 13 C [Lohmann, 1995; Rosenthal et al., 2000] and the Sr/Ca [Brown and Elderfield, 1996] should both decrease with depth. δ 13 C and Sr/Ca of G. crassaformis show no statistical correlation with depth (Table 3) , and we conclude that dissolution is not responsible for the relationship between depth and δ
O and Mg/Ca.
[31] In conclusion, our data set is not strongly affected by dissolution, but we still developed calibrations rejecting the deepest samples. However, the link between dissolution (as depth or bottom ΔCO 3 2À ) should always be carefully assessed when applying back in time.
5.4. Mg/Ca Ratios and Previous Mg/Ca-Temperature Relationships (Figure 4) [32] We consider two separate calibrations for four of the six species analyzed. One calibration uses all data, and one uses a subset of the full data set that removed the deepest and potentially most dissolution-affected samples as discussed above (Figure 4 ; see Table 3 for the species-specific depth threshold). The two calibrations are only distinguishable for one species, G. truncatulinoides, with a 0.8°C difference expressed for Mg/Ca = 2.4 mmol/mol. Most previous calibrations for deepdwellers have been established using the cleaning procedure of Barker et al. [2003] , as opposed to the reductive-oxidative protocol used here. Exceptions are for the G. tumida equation presented by Rickaby and Elderfield [2005] and the two equations for N. dutertrei from Dekens et al. [2002] . We typically found a greater slope but a lower pre-exponential constant for our calibrations compared with the work of Regenberg et al. [2009] . The lower pre-exponential constant may be partly explained by differences in the cleaning protocols [Barker et al., 2003] and partly by the more restrictive size fraction (355-400 μm) used by Regenberg et al. [2009] . Some of their specimens may have been devoid of the low-Mg calcite crust covering the shells [Sadekov et al., 2005] . It should also be noted that their data sets cover only the warmest part of our calibration for N. dutertrei. For G. crassaformis, the two calibrations would probably agree if the calibrations had overlapped at warmer temperature. For G. tumida, the coldest part of the Regenberg et al. [2009] calibration for this species displays large Mg/Ca scatter (> 1 mmol/mol at 14°C). Considering this spread, their data would also agree with our calculated slope. We also note a good agreement between our data and a Pacific equatorial calibration for G. tumida [Rickaby and Elderfield, 2005] . Surprisingly, our calibration for N. dutertrei is almost identical to the Anand et al. [2003] calibration, developed on sediment trap material in the Sargasso Sea. On the other end of the spectrum, our calibration for G. crassaformis shows much higher Mg/Ca ratios than those of Anand et al. [2003] . This discrepancy may originate from the different sample type (core top versus sediment trap) and also because these two data sets cover completely different temperature ranges (4-8°C for this work versus 16-20°C for Anand's calibration [Martínez-Botí et al., 2011] ). Considering only the North Atlantic populations of G. truncatulinoides and G. inflata, the Anand et al. [2003] and Cléroux et al. [2008] calibrations match our data, which confirms the different Mg/Ca to temperature relationships for these North Atlantic populations.
[33] The calibration developed from South Atlantic core tops along the South American margin spanning 20°S-50°S for G. inflata [Groeneveld and Chiessi, 2011] does not fit with our calibration for this species. This is not surprising since Groeneveld and Chiessi [2011] used non-encrusted shells in contrast to the current study. However, the few samples from the Groeneveld and Chiessi [2011] study that overlap our study region have much higher Mg/Ca ratios and, as such, are in line with our data set for the South Atlantic (Figure 4d ). Along with a small number of calibration points provided by Anand et al. [2003] for G. hirsuta, we provide the first calibration for this species.
[34] Finally, we measured much higher Mg/Ca ratios in N. dutertrei and in G. tumida than Dekens et al. [2002] and , respectively. Dekens et al. [2002] used slightly smaller specimens (250-350 μm) but the same cleaning protocol, whereas Mohtadi et al. [2011] used larger specimens (355-500 μm) and the oxidative-only cleaning protocol. It is difficult to single out why these two studies present such low Mg/Ca ratios, but Dekens et al. [2002] samples come from both the Atlantic and the Pacific Ocean and Mohtadi et al. [2011] samples come from the Indonesian Margin. Mohtadi et al. [2011] studied several species, and in general their calibrations fit well with previous works except for one species, G. tumida. According to the authors, this species in the Indonesian Seas may have a specific habitat or ecology. We can only speculate that this is also the case for N. dutertrei in the Pacific Ocean in the case of Dekens et al. [2002] calibration.
Neogloboquidrina dutertrei and Globorotalia tumida
[35] From both δ
18
O and Mg/Ca data, these two species seem to have homogeneous populations across our study area, with a single Mg/Ca-T relationship for each species and remarkably narrow calcification depth ranges of 90-135 and 115-205 m, respectively, for N. dutertrei and G. tumida . This is in agreement with other core-top investigations in the tropical Atlantic [Farmer et al., 2007; Regenberg et al., 2009; Steph et al., 2009] and with isotopic measurements from sediment trap material [Deuser and Ross, 1989; Mohtadi et al., 2011] . It does not appear that the depth habitats of these species are governed by temperature, as the reconstructed T iso values for G. tumida changes by 11°C for example. One would expect a much smaller temperature range if G. tumida was seeking a certain temperature in the water column to grow.
[36] The carbon stable isotopic (δ 13 C) results ( Figure S4 in supporting information) support observations of living specimens [Ortiz et al., 1995] in indicating that N. dutertrei and G. tumida have algal symbionts. Symbionts may have light requirements in a specific range, which may then restrict the calcification/habitat depths of the host (H. Spero, personal communication) . As an illustration of this, we applied the relationship between δ 13 C and irradiance deduced from an Orbulina universa laboratory experiment [Spero and Wiliams, 1989] and the relationship between depth and irradiance (Beer-Lambert law) to our N. dutertrei and G. tumida data, I z = I 0 × exp(ÀkZ), where I z is the irradiance at depth z; I 0 is the irradiance at the surface (I 0 = 2300 μE m À2 s
À1
); and k is the attenuation coefficient (k = 0.04 in open-ocean condition); δ 13 C = 1.50 × I 0.106 [Spero and Wiliams, 1989] . O measurements. The strict irradiance requirements of some symbiotic algae may offer a valid hypothesis for why we observe such a narrow depth habitat for these hosts.
Globorotalia inflata
[38] G. inflata is a transitional species and is therefore abundant only at both latitudinal extremes of our transect. The Mg/Ca data clearly separate a northern and a southern population that have similar calcification depths (450 ± 60 and 440 ± 100 m, respectively). In the North Atlantic, two data points from 23°N to 24°N contradict these observations; they have much deeper estimated calcification depths (740 and 660 m), and their Mg/Ca-temperature relationship fits more closely with the overall data from the South Atlantic.
[39] It is tempting to attribute the two distinct Mg/ Ca-temperature relationships for the northern and southern data as potentially reflecting separate genotypes. So far, two cryptic species distributed on each side of the Antarctic Subpolar Front have been identified for G. inflata [Morard et al., 2011] , but the subtropical regions have been poorly investigated. Using laser-ablation Mg/Ca measurement on sediment trap material [Hathorne et al., 2009] , two types of G. inflata were found with mean Mg/Ca ratios about 1 mmol/mol apart, although all the tests were collected over a two-week period. The author concluded this resulted from a large influence of short-time-scale (daily) conditions on shell geochemistry and morphology.
[40] The two data points at 23°N-24°N may suggest a third genetic population. However, these specimens lie far from the typical geographic distribution zone of G. inflata [Bé, 1977] . It is therefore possible that they reflect a stressed population or expatriated specimens.
[41] G. inflata is a widely used deep-dwelling planktonic foraminifera species for paleoceanographic reconstructions. The existence of several genetic species with different Mg/Catemperature relationships calls for caution when using this species for paleoclimate study.
Globorotalia truncatulinoides
[42] Similar to G. inflata, we can identify three distinct G. truncatulinoides populations from the Mg/Ca data, although the calcification depths, determined from foraminiferal δ 18 O, are generally similar. Like G. inflata, three samples in the northern subtropical gyre show much deeper calcification depth. The three samples at 20°N, 23°N, and 26°N have a mean calcification depth of 730 ± 30 m, whereas the calculation for the rest of the samples yields 400 ± 90 m. The occurrence of these three populations is not surprising with respect to the different genetic species grouped together under the G. truncatulinoides morphospecies [de Vargas et al., 2001; Quillévéré et al., 2013] . These studies showed that the different cryptic species can have different ecological preferences in terms of water dynamics, nutrient availability, and possible water depth habitat preference [de Vargas et al., 2001] . Four dextral genotypes have been identified in the Atlantic Ocean, and it is possible that the three populations defined here from Mg/Ca ratios correspond to these genetically distinct species ( Figure 5 ).
[43] Previous isotopic studies found G. truncatulinoides to be at equilibrium with conditions at various depths: at 200 m in the Sargasso Sea [Deuser and Ross, 1989] , at 350 m in the Canary Islands region [Wilke et al., 2009] , and between 270 and 370 m along a longitudinal transect in the equatorial Atlantic . Cléroux et al. [2007] showed that G. truncatulinoides has a deeper mean calcification depth in the warm subtropical regions (between 200 and 400 m) than at temperate latitudes. Using a large data set in the Atlantic Ocean, Legrande et al. [2004] found the calcification depth best represented by a single calcification depth of 350 m or a two-depth calcification with 30% at the surface and 70% at 800 m. With these separate studies, it is hard to ascertain whether these discrepancies are related to various locations, size fractions, material types, or different δ
18
O-temperature equations used. Excluding the data from the northern subtropical gyre, we show that from 40°N to 25°S, G. truncatulinoides calcify around 400 ± 90 m but present a number of Mg/Catemperature calibrations depending on the region.
[44] The G. inflata and G. truncatulinoides results for the northern subtropical gyre (20°N-26°N) deserve further discussion. For both species, δ
O data indicate a very deep calcification depth, whereas their Mg/Ca ratios are either in agreement (G. truncatulinoides) or disagreement (G. inflata) with the other data. We can discard dissolution as an explanation because other species do not show any specific pattern for these core tops, and dissolution would lower the Mg/Ca ratio, which would directly contradict our observations. Foraminifera, and particularly deep-dwelling species with a long life span [Schiebel and Hemleben, 2005] , may be affected by expatriation, where shells are transported over long distances [Berger, 1970b] . These distinctive samples are located in the main circulation path of the northern STC [Harper, 2000] . We can hypothesize that G. truncatulinoides and G. inflata were transported within the thermocline from the subduction zone. Considering a subduction zone centered around 30°N-30°W [Harper, 2000] , we recalculated the fit between foraminiferal data and atlas data. If foraminifera did grow around 30°N-30°W, then their calcification depth would be in better agreement with the rest of the transect results (i.e., around 550 m depth). The Mg/Ca-temperature data for G. inflata would converge on the data from the northern population (i.e., warmer temperature), although in this instance the Mg/Ca-temperature data for G. truncatulinoides would no longer fit with the calibration for this species. We cannot be conclusive on the expatriation hypothesis from these rough calculations, but we still judge it likely. Other species living shallower or deeper in the water column are much less likely to be in the main STC path and would not be affected by this transport.
Globorotalia hirsuta and Globorotalia crassaformis
[45] Both isotope and trace element data for G. hirsuta indicate two distinct populations, the North Atlantic (South Atlantic) population calcifies around 660 m (860 m) and yields lower Mg/Ca ratios than the South Atlantic population. To our knowledge, this study is the first to report on this species, and presently no genetic studies are available.
[46] G. crassaformis forms one single population with an average calcification depth of 700 m. The habitat depth of these two species has been poorly documented. Using the Kim and O'Neil [1997] equation, isotope data in the tropical Atlantic core-tops indicate a calcification depth near 600 m for G. crassaformis . From sediment trap analysis in the Sargasso Sea, Deuser and Ross [1989] concluded that G. hirsuta calcify near 600 m.
[47] The calcification depth of G. crassaformis is symmetric about the equator (Figure 3) , with shallower depth in the equatorial region, greater depths in the subtropical regions, and then a shoaling toward higher latitudes. This structure cannot be fortuitous, and we tested our data against various oceanographic parameters to explain the results. Of all the parameters tested (temperature, salinity, density, nutrient concentrations), only dissolved oxygen levels along our transect show a pattern similar to G. crassaformis calcification depth. We find a good match between the calcification depth of G. crassaformis and the depth of the 3.2 ml/l oxygen level (Figures 1 and 3) . This is consistent with abundant G. crassaformis found at the minimum oxygen level in the water column in the eastern equatorial Atlantic [Kemle von Mücke and Oberhänsli, 1999] . The observed deep habitat depth may seem odd, but benthic foraminifera, for example, are abundant in low oxygen environments, probably because the predation pressure is much lower [Bernhard and Sen Gupta, 2000] . Other organisms have also been shown to thrive right below the oxygen minimum zone and consume aggregates that originate from bacterial activity in the oxygen minimum zones underlying the high productive areas [Gowing and Wishner, 1998 ].
Conclusions
[48] For the first time the calcification depths and Mg/Catemperature relationships of six deep-dwelling foraminifera species are determined over an Atlantic Ocean basin transect spanning more than 60°in latitude. We found that N. dutertrei and G. tumida maintain the same calcification depth throughout the wide range of oceanographic conditions, respectively 115 ± 25 and 160 ± 45 m, and we developed new Mg/Catemperature calibrations for these species. We propose that the calcification depths of N. dutertrei and G. tumida are constrained by the light requirements of their symbionts. For three species (G. inflata, G. truncatulinoides, and G. hirsuta) the change in Mg/Ca-temperature relationship with sample location points to distinct populations or genotypes. For G. hirsuta, the North Atlantic and South Atlantic populations also have different calcification depth, whereas the subpopulations of G. inflata and G. truncatulinoides have similar calcification depths. In the northern subtropical gyre, we calculated a very deep calcification depth for G. inflata and G. truncatulinoides outside the range of depths calculated for the rest of the transect. One hypothesis for this result is expatriation of specimens via the subtropical cell.
[49] Finally, we suggest that G. crassaformis calcifies close to the oxygen minimum zone in the water column. We developed a Mg/Ca-temperature calibration for this species which further paves the way for deep-thermocline, O 2 minimum-level reconstructions.
